Volatile compounds and extrafloral nectar are common defenses of wild plants; however, in crops they bear an as-yet underused potential for biological control of pests and diseases. Odor emission and nectar secretion are multigene traits in wild plants, and thus form difficult targets for breeding. Furthermore, domestication has changed the capacity of crops to express these traits. We propose that breeding crops for an enhanced capacity for tritrophic interactions and volatile-mediated direct resistance to herbivores and pathogens can contribute to environmentally-friendly and sustainable agriculture. Natural plant volatiles with antifungal or repellent properties can serve as direct resistance agents. In addition, volatiles mediating tritrophic interactions can be combined with nectar-based food rewards for carnivores to boost indirect plant defense.
Volatile compounds and extrafloral nectar are common defenses of wild plants; however, in crops they bear an as-yet underused potential for biological control of pests and diseases. Odor emission and nectar secretion are multigene traits in wild plants, and thus form difficult targets for breeding. Furthermore, domestication has changed the capacity of crops to express these traits. We propose that breeding crops for an enhanced capacity for tritrophic interactions and volatile-mediated direct resistance to herbivores and pathogens can contribute to environmentally-friendly and sustainable agriculture. Natural plant volatiles with antifungal or repellent properties can serve as direct resistance agents. In addition, volatiles mediating tritrophic interactions can be combined with nectar-based food rewards for carnivores to boost indirect plant defense.
Domestication and Biocontrol
Crop domestication aims to enhance the quality of plants for human use. In addition to yield, domestication (see Glossary) most commonly has altered the size, taste, and nutritional quality of the plant parts of interest, favoring synchronous ripening, homogenous plant sizes, apical dominance, determinate growth, indehiscent fruits, or other characteristics of relevance for cultivation and harvesting, as well as modifying traits that facilitate transport and storage [1] [2] [3] . Furthermore, enhanced resistance to pathogens or abiotic stress represents an integrated goal in most plant breeding programs [4, 5] . Breeding for resistance to herbivores ('pests') is less common [3, 6, 7] , although wild plants express multiple traits to resist herbivory. Therefore, 'rewilding' has become a new trend in crop breeding that opens exciting opportunities for biological control and organic farming. However, multiple regulatory and political issues currently impede the use of most genetic techniques to provide cultivars with specific resistance traits, particularly when these cultivars are to be used in organic farming [3] .
Many resistance-related traits are inducible [8, 9] or can be primed for a faster and stronger induction once damage occurs [10, 11] . This phenotypic plasticity helps to balance costs and benefits of defense expression because it assures that costly defenses are only expressed when they are actually required [12, 13] . Among the inducible traits, seemingly all plants respond to herbivore-inflicted damage with the enhanced emission of volatile organic compounds (VOCs), and plants in numerous taxa also respond with the secretion of extrafloral nectar (EFN) [14] [15] [16] [17] . Both VOCs and EFN attract adult parasitoids and predators (hereinafter collectively termed 'carnivores'), an effect that can significantly reduce herbivore pressure on wild plants [18, 19] . Nevertheless, relatively few attempts have made conscious use of VOCs or EFN for biological pest control [20] [21] [22] [23] [24] [25] [26] and, to the best of our knowledge, classical breeding has never aimed to improve anti-herbivore defense via VOCs or EFN [1, 27] (but see [28] for the first attempt
Trends
Hundreds of studies convincingly demonstrate functioning indirect defenses in wild plants, but breeding approaches have never considered the underlying traits (e.g., food rewards or shelter for carnivores, and volatiles that mediate information-based interactions) as desirable targets.
We argue that induced plant volatiles, owing to their multiple roles as signals, repellents, and antimicrobial compounds, bear an as-yet underused potential for biological control, and that future breeding efforts should enhance the capacity of crops to engage in tritrophic interactions.
We also present ecological and evolutionary considerations that can explain why the constitutive release of volatile compounds that have evolved as inducible defenses is not likely to work, and why extrafloral nectar is likely to represent a better food reward for carnivores than floral nectar.
to genetically engineer wheat (Triticum aestivum) for the emission of an aphid alarm pheromone as a means to enhance repellence of aphids and attract aphid carnivores). We highlight the major defensive functions of VOCs and EFN, discuss why VOCs and EFN are rarely included in breeding programs, and propose how and to what degree these traits can be optimized to allow better biological control of pests and crop diseases.
Plant VOCs, EFN, and Biological Control
Plants express multiple traits that provide resistance to the majority of potential herbivores and pathogens [29] In addition to their direct antimicrobial properties, such VOCs are known to trigger resistance responses in remote parts of the same plant or in neighboring plants [64] [65] [66] and, frequently, they prime resistance traits that are directed against herbivores [67] [68] [69] or pathogens [60, 62, 70] . The multiple functions of GLVs and other plant VOCs as plant hormones, direct antimicrobial agents, and cues for host-searching carnivores break with the common trade-off between (direct) resistance traits against pathogens and herbivores [71] and make these compounds particularly attractive targets for integrated breeding efforts and other applications in biocontrol.
Putative Functions of VOCs in Biological Control
In most cases, biological control makes use of native or alien natural enemies of herbivores such as predators and parasitoids. Common strategies to enhance the populations of these carnivores in agricultural or horticultural environments aim at conserving the natural populations of these animals, attracting them from adjacent natural areas, or via the active release of commercially reared animals. Although biological pest control represents an environmentally-friendly strategy that has had tremendous success in particular systems, its wider success is frequently limited by various intrinsic problems. First, carnivores that are released in open areas often disperse to adjacent, more natural ecosystems (see examples in [72] ). Second, carnivore populations will crash as soon as they have eradicated the target pest if no alternative food sources are provided. Third, beneficial carnivores in most systems cannot be released in a preventive manner because they need to prey on herbivores for their own survival and reproduction. [74] [75] [76] , to attract beneficial organisms from wild populations, maintain commercially released biocontrol agents in an agricultural field, or simply repel herbivores from the target crop. However, VOC-based indirect resistance to herbivores has not been adopted in traditional plant breeding [1, 27] and, despite the above-mentioned examples of successful biocontrol via plant VOCs, there are also examples of the opposite: VOCs can be used by herbivores to localize their host plants [77, 78] , a situation which can lead to highly counterproductive effects [26, 77, 79, 80] . We argue that these seemingly contradictory results are likely to be caused by the following factors.
(i) Plant VOCs play multiple roles in direct resistance to herbivores and pathogens, which makes it unlikely that strategies that focus on one single mechanism can be successful. Apparently for historic reasons, most work has focused on VOC-mediated tritrophic interactions [15].
(ii) The emission of plant volatiles depends on multiple environmental factors, including abiotic ones such as heat, drought stress, and soil nutrient content [81] [82] [83] . After their release, the compounds are directly exposed to the environment and, unfortunately, we know very little on how air temperature, UV irradiation, and other variable environmental factors affect the stability of individual VOCs [84, 85] . Therefore, the release of VOCs and their biological effects are strongly context-dependent. (iii) Herbivore-induced (HI-) VOCs that are used by carnivores as 'infochemicals' solely represent information rather than providing a resource per se [86] . Thus, responding to HI-VOCs in the absence of herbivores can negatively affect the fitness of carnivores in general and, in particular, reduce the survival rates of adult parasitoids. These animals will rapidly learn -or be selected -to ignore the misleading information that is transmitted when VOCs are released in a preventive manner. A recent study by Toby Bruce and colleagues [28] shows that insects can even change the response to their own alarm pheromones if they are exposed to the respective selective pressure. In an attempt to genetically engineer wheat (Triticum aestivum) for constitutive release of the aphid alarm pheromone, (E)-b-farnesene, transformed plants successfully repelled aphids in the laboratory. However, aphids that were reared on (E)-b-farnesene emitting plants showed strongly reduced repellence responses after only five generations [28]. (iv) Finally, disregarding the effects of domestication on the interactions between crops and the natural enemies of pest insects (see [72] for recent review), and the multiple interactions among the various defensive traits of plants, could lead to missed opportunities [87, 88] and unwanted repercussions. Tritrophic interactions are never ruled by HI-VOCs alone, and apparently were rarely considered in the breeding process. In particular, plant surface structures such as trichomes and plant-derived food rewards are important complements of VOC-mediated attraction effects that are essential for stable and long-term indirect defense via tritrophic interactions [18] . If domestication has negatively affected only one of the underlying traits, biological control might be significantly impaired [72] .
However, identifying the traits that currently limit the successful engagement of many crops in successful tritrophic interactions will help to breed future cultivars for the capacity to express the traits in question. Therefore, it is our ambition to inspire plant breeders to consider tritrophic interactions and inducible resistance to a greater extent [27, 89] . We present some of the plant traits that are promising candidates for enhancing biocontrol, and discuss whether and how these traits have been affected by domestication. Finally, we highlight resistance-related traits that breeding should focus on, and experiments that still are needed for, enhancing the potential of domesticated plants to engage successfully in tritrophic interactions ( Figure 2 and Figure 3 , Key Figure) . We focus here on the effects of plant-derived VOCs and food rewards because the potential of microbial VOCs in sustainable agriculture has been reviewed recently [90] .
Domestication Affects the Quality of Plants for Friends and Foes
Many of the traits that confer direct resistance to pests have been counter-selected during domestication, either because they depend on undesirable properties such as bitterness, hairiness, toughness, or toxicity, and thus reduce the quality of the consumed parts, or because they cause a yield penalty as a consequence of the metabolic costs of resistance expression [91] . Apart from the consequences of monocultures on the population dynamics of pests and pathogens, this reduction in the natural levels of direct resistance is one of the major reasons why most crops are more prone to infestation than are their wild ancestors.
Unfortunately, we know rather little on how domestication has affected the indirect defense of crops via tritrophic interactions [72] . On the one hand, the higher food quality of domesticated plants for herbivores can translate into a better quality of the herbivores as hosts for parasitoids [92] , an effect that would enhance the opportunities for biocontrol. On the other hand, enhanced vigor of herbivores on crops can also enhance their capacity to perform immune responses, such as the encapsulation of parasitoid eggs [93] . Domestication might even create 'enemy-free spaces' for specific pests, and larger fruits or seeds of cultivated olive (Olea europaea) trees or sunflowers (Helianthus annuus) allow herbivorous larvae to physically escape from parasitization [94, 95] .
For some cases, breeding efforts against particular traits are likely to explain why attempts to control pests by releasing biocontrol agents have failed [96] . For example, 50% of maize (Zea mays) landraces tested responded to stemborer oviposition with the emission of HI-VOCs that attracted parasitoids, whereas only two of 30 hybrid cultivars retained this capacity [7] . Tamiru and colleagues conclude that 'there is a steady decline in the prevalence of the trait from wild ancestors to landraces to higher yielding hybrid varieties favored by breeders' [7] . Similarly, the ability to release aboveground (or, in the case of maize, also belowground) HI-VOCs has been reduced or lost during the breeding of cotton, maize, and cranberry (Vaccinium macrocarpon) [36, 87, 88, 97] . Peach cultivars without extrafloral nectaries have been produced inadvertently [55] , and cotton (Gossypium hirsutum) lines without extrafloral nectaries were consciously preferred by breeders and governmental agencies in the first half of the last century, because the enhanced presence of insects on EFN-secreting plants was considered undesirable, and did not discriminate among different feeding guilds [98] .
By contrast, cultivated genotypes of bean (Phaseolus coccineus) and cabbage (Brassica oleracea) were more attractive to parasitoids than related wild species [99] , some cultivated accessions of lima bean (Phaseolus lunatus) emitted more HI-VOCs than related wild accessions, although they showed strongly impaired direct resistance via cyanogenesis [100] , and the overall quantities of HI-VOCs emitted from the aboveground parts of maize tended to be higher in cultivated lines as compared to the ancestor, teosinte [101] . In summary, the few existing reports do not allow us to draw general conclusions concerning how domestication has affected the capacity of crops to engage in tritrophic interactions or other indirect defense mechanisms [72] . In particular, these seemingly opposite results concerning the capacity of maize to engage in VOC-mediated interactions with biocontrol organisms [7, 101] show that generalizations are difficult, even when we consider the same crop, likely because the observed responses are affected by various factors such as plant genotype, species and developmental stage of the herbivore, type of 'readout' (i.e., performing chemical analyses of emitted VOCs versus observing the behavioral response of an animal), and environmental conditions. However, all these studies also show that traits for tritrophic interactions have not been generally and irreversibly reduced or eliminated in crops.
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Biological Control as a Goal in Plant Breeding: Opportunities
It seems that breeding never aimed consciously to modify tritrophic interactions [89] , although several reviews have described how pest control could be enhanced by considering biocontrol already in the breeding programs [27, 102, 103] . Fortunately, crop wild relatives, landraces, and commercial varieties of many crops retain genetic diversity with respect to indirect defense traits [27, 88, 100, 101, 104, 105] , and these represent a genetic resource that could be utilized in breeding for improved biocontrol. For example, some African and Latin American landraces of maize produce HI-VOCs that attract Cotesia parasitoids [88] . Further examples of cultivated plants for which genetic diversity in resistance-related VOCs has been reported are compiled in Table 2 . [108] .
Plants transformed or mutated in a single gene exhibited changes in GLVs, terpenoids, or glucosinolate-related compounds, with subsequent effect on both herbivores and their natural enemies (see [27] for overview), and plants can even be transformed to emit insect alarm pheromones, an approach that might enhance direct resistance via repellence [28] . EFN is restricted to specific plant taxa and is secreted by specific structures, properties that make it more demanding to breed a specific crop for this type of reward. However, breeders could make use of existing genetic variation in crops such as cotton, salicaceous trees, and all the fruiting shrubs and trees in the Rosaceae that bear extrafloral nectaries (http://biosci-labs.unl.edu/Emeriti/ keeler/extrafloral/worldlistfamilies.htm). Finally, the chemical composition of plant saps that can be used as favorable rewards for omnivores is less known, and should be explored further for breeding purposes. In summary, genetic variability exists in traits that underlie indirect defense, but deeper knowledge will be required before directed genetic improvements become feasible.
Biological Control as a Goal in Plant Breeding: Obstacles and Risks
All the examples in Table 2 represent crops in which genetic variation suggests that breeding for improved biocontrol would be possible. Why, then, have these traits not been considered in classical breeding programs? There are three possible reasons: (i) despite forming the topic of an ever-increasing number of publications, herbivore-induced plant VOCs have a short history in science [15] ; the 30 years since the first description of the role of VOCs in tritrophic interactions [30,31] might simply not have been sufficient to create the level of consciousness of VOC-based interactions that would be required to be considered in larger breeding programs. (ii) As exemplified elsewhere [27, 89] , improving a crop, for example, by crossing, mutation or transformation, or by QTL-based breeding, requires stable phenotypes that can easily be monitored and quantified. Whereas disease resistance is frequently based on gene-for-gene resistance, and thus depends on the presence of a single and usually dominant gene, the blends of VOCs that exert biological functions are complex and are subject to strong phenotypic plasticity [32, 34, 109] . Moreover, the synthesis of VOCs is controlled by a network of hormonal pathways, and requires the involvement of multiple biosynthetic pathways; the same appears to be true for the formation of an extrafloral nectary and the synthesis and secretion of nectar. Therefore, it seems unlikely that classical breeding strategies or targeted transformation could form suitable tools to enhance VOC-or EFNbased tritrophic interactions. (iii) The physiological and ecological costs of a resistance trait need to be considered. It is often assumed that VOCs are relatively cheap to produce in comparison to direct defenses [110, 111] , but no data exist to support this assumption. Above and beyond physiological costs, potential ecological costs warrant consideration. Plant volatiles have multiple functions as direct resistance agents and as signals in plant-plant, plantherbivore, and plant-pollinator interactions [15] . Furthermore, dispensing artificial volatiles in maize fields can lead to enhanced attraction of herbivores to the VOC-exposed plants [26] , herbivorous thrips were attracted to MeSA [103] , and transgenic maize plants that constitutively released (E)-caryophyllene and humulene also became more apparent to a specialist herbivore [112] . This multifunctionality needs to be considered to avoid counterproductive results. Finally, indirect defenses can interact with direct defenses in multiple ways. For example, attracting carnivores with MeSA and rewarding them with floral nectar of intercropped buckwheat (Fagopyrum esculentum) in vineyards did not benefit yield, and actually decreased the quality of the grapes owing to enhanced levels of infection with a pathogenic fungus [103] ; moreover, parasitoids are exposed to direct plant defense compounds as they develop inside herbivores [113] [114] [115] . In other cases, however, direct and indirect defense traits operate in synergy [116] . For example, phenolic glycoside-producing Salix, which reduces herbivore fitness, provides high-quality plant sap to particular predators [48, 117] .
Biological Control as a Goal in Plant Breeding: Recommendations
We present a list of recommendations for how best to integrate tritrophic interactions in breeding efforts and crop management (see Box 1 for a short overview). Based on the reports on beneficial effects of plant VOCs and reward-based indirect defenses (Table 1) , and on the shortcomings of merely information-based tritrophic interactions [86] , we suggest that research and breeding could focus on the following biocontrol strategies: (i) We should investigate the wild ancestor of the crop of interest to understand its strategies for indirect defense, and compare the underlying traits in wild plants, landraces, and modern cultivars. Provided that genetic variation still exists (Table 2) , these traits can be reinforced in contemporary high-yield cultivars. In this context, we must always consider that successful tritrophic interactions frequently depend on synergies among several, seemingly independent traits, for example, the combination of volatile infochemicals with food rewards or physical shelter. Furthermore, care must be taken to avoid over-costly defense strategies as well as strategies that negatively affect the quantity or quality of the product (fruit, grain, fiber etc.). Much more research will be necessary to separate defensive traits that have inadvertently been lost during the breeding process from those traits that have been actively (although in many cases unconsciously) counter-selected during breeding because their Plants VOCs and EFN represent notoriously difficult targets for directed breeding: few crops naturally secrete EFN, and blends of VOCs and EFN secretion are phenotypically-plastic traits that are encoded by multiple genes. Thus, breedingdependent and cultivation-based strategies must be combined for optimized use of these traits.
Honest Signals
Breeding should aim at more efficient priming rather than constitutively upregulating the emission of VOCs that function in tritrophic interactions.
Direct Effects
Breeding for enhanced emission should focus on specific VOCs with direct repellent or antimicrobial properties. Plant VOCs that directly interfere with more than one central metabolic process of the targeted pest or pathogen are less likely to facilitate the rapid evolution of counter-resistance phenomena. Synergies Breeding can also improve those anatomical and physiological traits that are known to favor indirect defense in the wild species.
Breeding-Independent Strategies
Agricultural practices such as 'push-pull' and 'attract and reward' are successful and should receive more attention in efforts for an integrated pest management.
Extrafloral nectar (EFN)
EFN is likely to represent a better reward for carnivores than FN because EFN has evolved for indirect defense and is secreted over the entire vegetation period.
reduction or complete elimination had positive consequences on the traits of the plant as a crop. (ii) An unexplored potential for integrated crop protection is represented by the triple function of many VOCs as antimicrobial agents, resistance-inducing hormones, and cues for carnivores [60, 62, 75, 118] . Direct VOC-mediated resistance to herbivores and microorganisms ( Figure 2) does not require the presence and action of any further organisms, and thus might be less context-dependent than tritrophic interactions. Transforming plants for enhanced emission of GLVs has been suggested explicitly 'for improving plant resistance against both herbivores and pathogens' [75] . However, by analogy with HI-VOCs that are 'dishonest' signals in the absence of prey or rewards, VOCs that only reduce herbivore attraction and not subsequent herbivore performance may not be a durable strategy owing to herbivore proximate and ultimate adaptations. In the aforementioned study by Bruce and colleagues, wheat that was genetically engineered to emit the (E)-b-farnesene exhibited significant repellent effects on aphids in the laboratory, whereas field trials revealed no reduction in aphid infestation [28] . (iii) Any attempt to enhance the potential of crops for classical (tritrophic) biocontrol strategies should breed for a continuously primed stage, rather than for constitutive expression, to avoid constitutive emission of HI-VOCs in the absence of herbivores. (iv) Information-based and reward-based defenses should be combined. Information-based interactions are unlikely to function in isolation because VOCs can attract unwanted insects [26] and because attracting carnivores to herbivore-free plants deprives them of any benefit. A strategy known as 'attract and reward' (Figure 3 ) has already been successfully applied in several systems [25, 103] . In this approach, synthetically produced VOCs are combined with intercropped floral resources. The 'attract' and the 'reward' parts independently improved biocontrol in the studied systems, and their combination provided synergistic effects on the target pest [103] . In this context, schemes relying on the attraction of naturally-occurring parasitoids and predators should be compared to the consequences of the artificial release of such biocontrol agents. (v) In all attempts that employ rewards for carnivores, extrafloral nectar might represent an asyet underexplored possibility in biocontrol. Ultimately, EFN, rather than FN, represents the type of nectar that serves to attract predators and parasitoids in natural systems, and EFN is usually secreted over the entire lifespan of a plant whereas FN secretion is restricted to the flowering phase [119] . Therefore, we should investigate the protective effects of EFN in agronomic setups, both with and without the additional release of carnivores. (vi) Breeding could aim at returning attracting and rewarding traits to the crops themselves and reduce the need for intercropping. However, intercropping could also represent an interesting option, particularly for organic farming and in regions where manual maintenance and harvesting techniques still dominate. Alternatively, both VOCs and energy-rich resources can be applied artificially to those crops that cannot express these traits or in more technological agricultural systems. (vii) We must consider carefully unwanted side effects, such as the induction of one resistance type at the cost of another, the attraction of herbivores, and so on. Finally, we must measure the effects that are relevant for the farmer. In the end, factors that are ultimately of interest for the grower are crop yield and the quality of the resulting product (fruits, grains, vegetables) obtained under realistic agronomic or horticultural conditions. Tritrophic interactions are often complex, and plant traits that provide information and resources may sometimes have unforeseen effects on ecological food webs. These and other interacting effects might overwhelm and discourage plant breeders who traditionally consider direct bitrophic interactions, which are unconsciously complemented with biocontrol in plant breeding nurseries where an essential part of the selection for resistance is taking place. In addition, there may be problems of acceptance by farmers because these more natural strategies usually do not completely eliminate pests and pathogens from the systems. Finally, genetic engineering is not accepted in several countries, and particularly not as a tool in organic farming [3] , a situation which is likely to limit the optimization of crops for biological control.
Concluding Remarks
However, new regulations and changing consumer demands are gradually improving the prospects for more sustainable agriculture. For example, European Parliament directive 2009/128/EG made the implementation of integrated pest management obligatory within the EU from 2014. Thus, there are several trends towards increased acceptance of 'good enough' solutions to pest problems. Indeed, two breeding projects already target natural enemies of pests. In the SAMBA project (www.samba-webb.se), plant breeders collaborated with insect ecologists to identify willow traits that attract and reward natural enemies of detrimental leaf beetles [108] . The major natural enemies of the leaf beetles are omnivorous bugs (mirids and anthocorids), which can maintain high densities even during periods of low prey availability. A second promising breeding project involves the restoration of indirect defense traits in maize, utilizing traits that are still available in some landraces [7, 120] .
Based on the considerations outlined in this paper, we stress the importance of including both information-based and reward-based plant traits to achieve functioning tritrophic defense, and of exploring the direct resistance-related functions of VOCs, which could allow biocontrol of pests and pathogens independently of the third trophic level. The 'attract-and-reward' concept and the direct defensive effects of plants VOCs provide a useful framework for the design of biocontrol strategies that can allow sustainable and cost-efficient protection of our crops. The resulting benefits are potentially very large, and data on the net-outcomes of specific strategies in realistic agronomic and horticultural environments can be obtained quickly. 
